Accurate chromosome segregation requires coordination between the dissolution of sister-chromatid cohesion and the establishment of proper kinetochore-microtubule attachment [1] [2] [3] [4] [5] [6] . During mitosis, sister-chromatid cohesion at centromeres enables the biorientation of and tension across sister kinetochores. The complex between shugoshin and protein phosphatase 2A (Sgo1-PP2A) localizes to centromeres in mitosis [7] [8] [9] [10] , binds to cohesin in a reaction requiring Cdk-dependent phosphorylation of Sgo1 [11] , dephosphorylates cohesin-bound sororin [11] , and protects a centromeric pool of cohesin from mitotic kinases and the cohesin inhibitor Wapl [11] [12] [13] [14] . Cleavage of centromeric cohesin by separase allows sister chromatids connected to microtubules from opposing poles to be evenly partitioned into daughter cells [15, 16] . The centromeric localization of Sgo1 requires histone H2A phosphorylation at T120 (H2A-pT120) by the kinase Bub1 [17] [18] [19] . The exact role of H2A-pT120 in Sgo1 regulation is, however, unclear. Here, we show that cohesin and H2A-pT120 specify two distinct pools of Sgo1-P2A at inner centromeres and kinetochores, respectively, in human cells. Bub1 inactivation delocalizes cohesin-Sgo1 to chromosome arms. Kinetochore tension triggers Sgo1 dephosphorylation and redistributes Sgo1 from inner centromeres to kinetochores. Incomplete Sgo1 redistribution causes chromosome nondisjunction. Our study suggests that Bub1-mediated H2A phosphorylation penetrates kinetochores and that this histone mark contributes to a tension-sensitive Sgo1-based molecular switch for chromosome segregation.
Results and Discussion
Bub1-Dependent H2A Phosphorylation Penetrates Kinetochores Mouse embryonic fibroblast (MEF) cells with Bub1 genetically inactivated lose centromeric localization of Sgo1 but exhibit a phenotype of chromosome missegregation weaker than that of Sgo1-deficient cells [20, 21] . Even this weak phenotype has been attributed to a defective spindle checkpoint in these cells instead of a diminishment of Sgo1 function [20] . Thus, the role of H2A-pT120 in Sgo1 regulation needs to be further clarified.
We first examined the chromosomal localization of H2A-pT120 in human cells arrested in mitosis by the spindle-depolymerizing drug nocodazole (Figure 1 ; see Figure S1 available online). The peak of Sgo1 signal was located between the two peaks of CENP-A or CREST, which marked the inner kinetochore. By contrast, the two peaks of Bub1 staining were located on the outside of the CREST peaks ( Figure S1A ). Thus, as expected, Sgo1 and Bub1 localized to inner centromeres and outer kinetochores, respectively. Unexpectedly, the two peaks of H2A-pT120 staining in most sister chromatids (75%) largely overlapped with CENP-A peaks ( Figure 1A ) and were located outside the CREST peaks ( Figure S1A ), indicating that H2A-pT120 resided in kinetochores. About 25% of sister chromatids contained H2A-pT120 signal at both kinetochores and inner centromeres ( Figure 1A) . Thus, Sgo1 and H2A-pT120 do not always colocalize at inner centromeres.
Bub1 Restricts Sgo1 to Centromeres and Strengthens Centromeric Cohesion
We tested whether Bub1 contributed to Sgo1 localization at inner centromeres despite the different localization profiles of Sgo1 and H2A-pT120. Consistent with a previous study [18] , depletion of Bub1 reduced the localization of endogenous Sgo1 at centromeres and caused it to spread from centromeres to chromosome arms ( Figures 1B and 1C) . Although Bub1 depletion did not reduce the binding of endogenous Sgo1 to cohesin ( Figure 1D ), it increased premature sisterchromatid separation in unperturbed or nocodazole-treated cells ( Figure 1E ). Moreover, the interkinetochore distances were larger in Bub1 RNAi cells, consistent with a weakened centromeric cohesion ( Figure S1E ). Finally, treatment of cells with the proteasome inhibitor MG132 causes prolonged metaphase arrest with kinetochores under tension. This condition leads to premature sister-chromatid separation, a phenomenon referred to as cohesion fatigue [22] . Indeed, treatment of control HeLa cells with MG132 for 4 hr caused massive chromatid separation due to cohesion fatigue ( Figure 1E ). Depletion of Bub1 accelerated the onset of cohesion fatigue, as most Bub1 RNAi cells had separated chromatids with a 2 hr MG132 treatment. Therefore, the spreading of Sgo1 (possibly in a complex with cohesin) from centromeres to chromosome arms in Bub1 RNAi cells weakens centromeric cohesion. This defect becomes more evident when cells experience prolonged kinetochore tension. Bub1-mediated Sgo1 enrichment at centromeres strengthens centromeric cohesion and delays the onset of cohesion fatigue.
The effect of Bub1 depletion on chromosome segregation was subtler than that which we previously reported [19] . The Bub1 siRNAs used in that study reduced the steady-state levels of Sgo1, whereas the Bub1 siRNA in this study did not ( Figure 1D ). All Bub1 siRNAs (b, c, and d) depleted Bub1 efficiently (data not shown). The underlying reasons for the varying severity of cohesion defects caused by Bub1 RNAi are unclear at present but could be due to off-target effects of the previous siRNAs or minor differences in the completeness of Bub1 depletion. Importantly, expression of siRNAresistant Myc-Bub1 WT, but not the kinase-dead mutant (KD), restored the levels of H2A-pT120 ( Figure S1 ) and the centromeric localization of endogenous Sgo1 in cells transfected with siBub1c ( Figure 1F ), thus validating siBub1c. Finally, cells transfected with siBub1c arrested in mitosis in the presence of nocodazole or paclitaxel, indicating that partial depletion of Bub1 by siBub1c did not cause overt *Correspondence: hongtao.yu@utsouthwestern.edu spindle checkpoint defects (data not shown). siBub1c was used in all subsequent experiments in this study.
Construction of Separation-of-function Human Sgo1 Mutants
Sgo1 has an N-terminal coiled-coil domain required for PP2A binding and a C-terminal basic domain required for its direct or indirect interaction with H2A-pT120 ( Figure 2A ) [7, 17] . A phospho-T346-containing motif of human Sgo1 mediates its binding to cohesin [11] . The phosphodeficient Sgo1 T346A (TA) mutant has substantially reduced cohesin-binding activity ( Figure 2B ).
In fission yeast, mutation of K292 in the basic domain of Sgo1 disrupted its centromeric localization and binding to phosphorylated H2A [17] . We mutated the corresponding lysine, K492, in human Sgo1 to alanine. Myc-Sgo1 K492A (KA) lost H2A-pT120 binding in human cell lysates ( Figure 2B ). It also lost centromere enrichment and spread to chromosome arms ( Figure 2C ), similar to endogenous Sgo1 in Bub1-depleted cells. In contrast to Myc-Sgo1 TA, Myc-Sgo1 KA bound to cohesin as robustly as WT did ( Figure 2B ). The Myc-Sgo1 T346A/K492A double mutant (TA-KA) lost H2A-pT120 binding, had significantly reduced cohesin binding, and did not localize to mitotic chromosomes ( Figure 2B (E) HeLa Tet-On cells mock transfected or transfected with siBub1 were untreated (log) or treated with nocodazole (Noc) or MG132 for the indicated durations. These cells were subjected to chromosome spreads and stained with DAPI (blue) and CREST (red). As shown in the top panel, the four major categories of chromosome morphologies are (I) most chromosomes maintained cohesion at both centromeres and arms; (II) most chromosomes maintained cohesion at centromeres but lost arm cohesion; (III) most sister chromatids were separated, but their pairing was maintained; and (IV) sister chromatids were separated, hypercondensed, and scattered. Quantification of the percentage of mitotic cells with unseparated (categories I and II) or separated (categories III and IV) sister chromatids is shown in the bottom panel. The mean and SD of three independent experiments are shown. (F) HeLa Tet-On cells stably expressing RNAi-resistant Myc-Bub1 wild-type (WT) or kinase-dead (KD, D917N) were mock transfected or transfected with Bub1 siRNA, treated with nocodazole, and stained with DAPI and the indicated antibodies. See also Figure S1 . and S2C). Thus, phosphorylation-dependent cohesin binding by Sgo1, but not its Bub1/H2A-pT120-mediated kinetochore localization, is critical for cohesion protection. On the other hand, Myc-Sgo1 KA was not fully functional, as overexpression of Myc-Sgo1 WT, but not KA, rescued cohesion fatigue induced by MG132 ( Figure S2D ). This finding is consistent with the fact that Bub1 depletion accelerates cohesion fatigue and further confirms that H2A-pT120-dependent kinetochore enrichment of Sgo1 strengthens centromeric cohesion.
Taken together, Sgo1 KA and TA mutants effectively separate cohesin-and H2A-pT120-binding activities of Sgo1. T346 phosphorylation is required for cohesin binding and for Sgo1 localization to chromosomes, whereas K492 is required for H2A-pT120 binding, Sgo1 enrichment at kinetochores, and optimal centromeric cohesion protection.
Cohesin and H2A-pT120 Specify Distinct Sgo1 Pools at Centromeres and Kinetochores Sgo1 and H2A-pT120 had different localization patterns, suggesting that H2A-pT120 might not be the receptor of Sgo1 at inner centromeres. We tested whether cohesin was such a receptor. Depletion of the cohesin subunit Scc1 caused premature sister-chromatid separation, but did not affect Sgo1 localization to the vicinity of kinetochores ( Figures 2D  and 2E ). Again, Bub1 depletion delocalized Sgo1 to chromosome arms, but did not abolish its localization at centromeres. Co-depletion of Scc1 and Bub1 eliminated Sgo1 signals on chromosomes. These results suggest that cohesin is a major Sgo1 receptor at both centromeres and chromosome arms in Bub1-depleted cells.
We next examined the localization of the cohesin-bindingdeficient mutant Sgo1 TA in the presence of intact cohesion ( Figures 2F and 2G) . We had recently reported that Sgo1 TA localized to the vicinity of centromeres [11] . A closer inspection, however, revealed that unlike Sgo1 WT, which localized to inner centromeres, Sgo1 TA predominantly co-localized with Bub1 at kinetochores. This result confirms that the inner centromere localization of Sgo1 requires its cohesin-binding activity. Bub1 depletion abolished the localization of MycSgo1 TA at kinetochores, indicating that the kinetochore localization of Sgo1 required Bub1 and, presumably, H2A-pT120. These results, along with the finding that Myc-Sgo1 TA-KA does not localize to chromosomes at all, indicate that cohesin and H2A-pT120 collaborate to target Sgo1 to inner centromeres. Direct or indirect H2A-pT120 binding recruits Sgo1 to kinetochores. Cohesin binding further restricts Sgo1 to inner centromeres.
Phosphorylation of Sgo1 Regulates Its Tension-dependent Redistribution from Centromeres to Kinetochores
Kinetochores in nocodazole-treated mitotic cells are unattached and tensionless, whereas kinetochores in MG132-treated metaphase cells are under tension. Consistent with an earlier report [23] , Sgo1 localized to inner centromeres in nocodazole-treated cells but redistributed to kinetochores in MG132-treated cells ( Figure 3A) . The kinetochore localization of H2A-pT120, requirement for Bub1 in enriching Sgo1 at centromeres, and tension-dependent redistribution of Sgo1 from centromeres to kinetochores were also observed in nontransformed human RPE1 cells ( Figure S3 ).
The Ska complex is required for stable kinetochore-microtubule attachment and full kinetochore tension [24] [25] [26] [27] [28] [29] . Depletion of Ska3 did not affect the inner centromere localization of Sgo1 in nocodazole-treated cells ( Figure 3A) . Sgo1 in MG132-treated Ska3 RNAi cells, however, localized to both inner centromeres and kinetochores and exhibited a three-dot pattern or formed a continuous thread spanning both structures ( Figure 3A) . This result is consistent with reduced tension across kinetochores causing incomplete Sgo1 redistribution in Ska3 RNAi cells, although it is also possible that Ska3 directly contributes to the kinetochore localization of Sgo1.
Consistent with H2A-pT120 mediating the kinetochore localization of Sgo1, the Sgo1-H2A-pT120 interaction was not observed in nocodazole-treated HeLa cell lysates but gradually increased with MG132 treatment ( Figure 3B) . Maximum Sgo1-H2A-pT120 interaction occurred at 3 hr following MG132 treatment, roughly coinciding with the onset of cohesion fatigue (see also Figure 1E ). Taken together, our results indicate that kinetochore tension triggers Sgo1 redistribution from centromeres to kinetochores where it binds H2A-pT120 directly or indirectly.
Because Sgo1 T346 phosphorylation was required for cohesin binding and inner centromere (but not kinetochore) localization of Sgo1, we examined whether Sgo1 T346 phosphorylation was regulated by tension across sister kinetochores. We treated HeLa cells stably expressing Myc-Sgo1 WT with MG132 to arrest cells at metaphase or both MG132 and nocodazole to arrest cells in prometaphase. Myc-Sgo1 localized to the vicinity of centromeres and kinetochores in both groups of cells, but Sgo1 T346 phosphorylation was significantly diminished at sister kinetochores under tension in metaphase cells treated with MG132 alone (Figures 3C-3E ). Thus, Sgo1 T346 phosphorylation is responsive to kinetochore tension.
The phosphomimicking Sgo1 T346D mutant (TD) localized to inner centromeres in nocodazole-treated cells ( Figures  S4A and S4B ), indicating that Sgo1 TD could mimic T346 phosphorylation to some extent. We then compared the localization patterns of Myc-Sgo1 WT, TA, and TD during unperturbed mitosis ( Figure 3F ). As shown above, Sgo1 WT mostly localized to inner centromeres, whereas Sgo1 TA localized to kinetochores. Strikingly, Sgo1 TD had a three-dot staining pattern and localized to both inner centromeres and kinetochores ( Figure 3F ), indicating that this mutant did not undergo efficient redistribution.
We next treated HeLa cells first with MG132 first to establish interkinetochore tension and second with a brief nocodazole treatment to depolymerize the spindle and reduce tension. In MG132-treated cells, Sgo1 WT redistributed to kinetochores with the concomitant loss of T346 phosphorylation ( Figure 3G ). Nocodazole addition restored a substantial pool of Sgo1 WT to inner centromeres. This pool of Sgo1 also regained T346 phosphorylation. A fraction of Sgo1 TD persisted at inner centromeres of sister chromatids that were under tension ( Figure 3G ). Nocodazole addition indeed reduced sister-kinetochore tension in MG132-arrested metaphase cells, as indicated by shorter distances between sister CREST signals ( Figure 3H ). Our results collectively suggest that T346 phosphorylation is sensitive to tension across sister kinetochores and regulates reversible Sgo1 redistribution from centromeres to kinetochores at metaphase. The phosphomimicking Sgo1 TD mutant is not completely removed from inner centromeres when sister kinetochores are under tension.
Tension-Dependent Sgo1 Redistribution Is Required for Proper Chromosome Segregation Sgo1 redistribution from centromeres to kinetochores has been proposed to be a mechanism that inactivates the cohesion protection function of Sgo1 at the metaphase/anaphase transition [23] . Because Myc-Sgo1 TD did not fully redistribute, we tested whether expression of this mutant hindered chromosome segregation. Indeed, ectopic expression of Myc-Sgo1 T346D, but not WT, caused lagging chromosomes in more than 20% of anaphase cells (Figures 4A and 4B ). Many lagging chromosomes contained paired kinetochores or kinetochores that were stretched to form threads (Figure 4C ). These kinetochores were positive for Sgo1 staining and also contained PICH, a mitotic chromatin remodeling helicase required to fully resolve ultrafine DNA threads connecting sister chromosomes [30] [31] [32] . Thus, expression of Sgo1 TD causes chromosome nondisjunction in human cells. Interestingly, Sgo1 TD only partially rescued the cohesion defect caused by siSgo1 ( Figure S4C ), indicating that Sgo1 TD was not a perfect mimetic of phospho-Sgo1. Despite this imperfection, Sgo1 TD could cause chromosome missegregation defects when the endogenous Sgo1 was also present. These results thus strongly implicate the timely removal of Sgo1 from inner centromeres as an obligatory step in chromosome segregation, although we cannot exclude the possibility that the T346D mutation affects other unknown aspects of Sgo1 function.
Conclusion
Kinetochore tension is a defining feature of correct kinetochore-microtubule attachment at metaphase. Sgo1 undergoes tension-dependent redistribution from inner centromeres to kinetochores. Using separation-of-function Sgo1 mutants, we have clearly demonstrated that the two distinct pools of Sgo1 at centromeres and kinetochores interact with cohesin and H2A-pT120, respectively. Our results support the following model ( Figure 4D ). During prophase and prometaphase, Bub1 phosphorylates H2A-T120 at kinetochores during mitosis. Sgo1 undergoes Cdk-dependent phosphorylation at T346. H2A-pT120 recruits phosphorylated Sgo1 to kinetochores. Cohesin binding further restricts the localization of phosphorylated Sgo1 to inner centromeres, where Sgo1-PP2A protects cohesin and sororin from mitotic kinases and Wapl. At metaphase, bi-oriented sister kinetochores experience tension, which triggers the dephosphorylation of Sgo1 and its redistribution to kinetochores again through an interaction with H2A-pT120. After the satisfaction of the spindle checkpoint, centromeric cohesin lacking Sgo1 is cleaved by separase to allow sister-chromatid separation. Incomplete Sgo1 redistribution hinders sister-chromatid separation.
Our study provides a stunning example of spatial regulation in cell biology and highlights the effective integration of mechanical forces, reversible posttranslational modifications, and subcellular localization in coordinating fundamental cell biological processes.
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